Abstract: Local metal interconnection is widely used in modern complementary metal oxide semiconductor (CMOS) technology. The most frequently used local materials are some heavy metals, such as tungsten (W) or copper (Cu). It's well known that single event upset (SEU) could occur in a CMOS under neutron exposure. In this paper the rectangular parallelepiped (RPP) method is used to investigate the SEU response of a typical CMOS. SEU induced by 1∼14 MeV neutrons are simulated with Geant4 and the cross sections are calculated. The results show that only in the structure with W, secondary particle α is created and SEUs are generated when the energy of neutron is less than 4 MeV.
Introduction
Since some heavy metals, such as copper and tungsten, are better conductors than aluminium, metal components for interconnection of semiconductor chips can be smaller in size with them, and consume less energy when electricity passes through them while keeping higher-performance. Therefore, in semiconductor integrated circuits, tungsten and copper are widely used.
In complementary metal oxide semiconductor (CMOS), incident neutrons, protons, and heavy-ions can induce single event upset (SEU) in its sensitive volume (SV). This paper only focus on neutron induced single event upset. In silicon, secondary particles created by nuclear interactions of incident neutron can range from H to Si, eventually P, including isotopes [1] . According to the primary neutron energy and the details of the interaction, all these particles have variable energies, linear energy transfers (LETs) and free paths. SEU is caused by the electrical changes associated to the electron-hole pairs generated along the ionizing particle track. When the number of electron-hole pairs is more than the critical charge in the SV of the CMOS, an SEU will occur.
The introduce of heavy metal in CMOS may affect the SEU rates of neutron. To study the effect of heavy metal quantitatively, we use tungsten interconnection as an example. In this paper, a rectangular parallelepiped model of a CMOS is built, then the SEU rates induced by 1∼14 MeV neutrons are simulated with Geant4 [2] .
The results of SEU cross sections with and without tungsten are compared and the genesis of the difference is explored.
Method
To simplify the structure, the rectangular parallelepiped (RPP) method [3] is chosen to do the simulation in this work. The method, which simplified the structure by using a collection of rectangular parallelepiped, is much easier to model the structure of CMOS with Geant4 than a detail description. Deposited energy is used to determine an upset instead of total charge in the SV because the number of electron-hole pairs is too large to simulate. An upset will occur if and only if the deposited energy is more than its critical value (E c ), corresponding to the critical charge (Q c ).
Two multi-layer planar targets are used to investigate the SEU response of a typical CMOS with a multilayer metallization system, as shown in Fig. 1 . The sensitive volume in the silicon for these structures is a 3.16 × 3.16 × 2 µm 3 rectangular region which is located beneath the metallization stack, where the created electron-hole pairs can cause SEU.
There is only one layer has difference between the two structures. In one structure, this layer is composed of tungsten, as shown in (a) of Fig. 1 , which is commonly used in integrated circuits to provide electrical connections between layers of metallization or in contact with the underlying silicon [4] , while in the other structure it is silicon dioxide, referred to (b) of the figure. This layer is approximately 1.4 µm above the sensitive volume with 0.6 µm in thickness. Characters of other layers are also shown in Fig. 1 . Effects of the tungsten layer on the SEU cross section are presented in this paper. Energy deposition in the SV of the two structures is simulated with different mono-energetic beam of neutron. Total 6 × 10 8 neutrons are generated and perpendicularly inject into the top of the CMOS. The elastic scattering, inelastic scattering, neutron capture process and ionization process for the secondary ions are taken into account in our code.
In silicon, an electron-hole pair creation normally needs around 3.6 eV deposited energy [5] , so the relationship between E c and Q c is
The critical energy of our CMOS is set as 0.69 MeV [6] .
The cross section of single event upset can be obtained with the following relation:
where E n is the energy of incident neutron, n SEU is the number of SEU events with E dep > E c , E dep is deposited energy in the SV. And φ is the fluence of the beam, which is calculated with
where N is the total number of incident neutron simulated and A is the irradiated area. It's worth to note that the cross section depends on E n and E c , which is target geometry dependence.
Results
1∼14 MeV neutrons are simulated with Geant4 in this paper and the cross sections are calculated, respectively. The simulation results of the two structures are shown in Fig. 2 . As shown in Fig. 2 , the SEU cross sections of the two structures are almost the same when the energy of neutron is higher than 4 MeV. In other words, the tungsten layer almost has no effect on the SEU rates for high energy neutron (> 4 MeV). But when the energy of neutron is less than 4 MeV, no SEU has been seen in the structure without a tungsten layer, indicating the tungsten layer enhanced the SEU probability in low energy area of neutron (< 4 MeV). To explore the increase of SEU rates in the structure with W, the energy deposition distributions of 1 MeV neutron in the structures with and without W are checked and shown in Fig. 3 . In the structure without a tungsten layer, no event has been seen with the deposited energy in the sensitive volume greater than the E c , while there are 3 out of 6 × 10 8 events with deposited energies greater than the E c value in our simulation. The dominated contribution of energy deposition in the SV is from secondary particles created by neutrons through nuclear interactions. The total deposited energy of each kind of secondary particle in the SV from the simulation result is obtained and filled in a histogram as shown in Fig. 4 , which is normalized into one neutron. The difference between the two series of data indicates that the secondary particles in the two structures are different because of the existence of the tungsten layer. shows that in both structures, a large number of 28 Si are generated, but the energies deposited by them of each event are much less than the critical energy. The W layer is replaced by SiO 2 in the other structure, so more 28 Si are created in it, which result in more deposited energy from 28 Si in the structure with SiO 2 than that in the structure with W. The deposited energies of the rest particles for each event are also far less than the E c in both structures, as shown in Fig. 6 . According to these figures, the corresponding particles are not the reason of the increase of SEU cross section in the structure with W layer. Figure 4 shows that the clear difference between the secondary particles in two structures is that many αs are created in the structure with W layer while no α in the structure without it. The energy deposited by α of each event in the SV of the structure with W layer is shown in Fig. 7 . Although there are only a small number of α created in the sensitive volume, most of them have much larger deposited energies than that of the other particles in the structure with W, which indicates that events with α created have more probability to deposit high energies and generate SEUs.
Extended studies show that when the energy of neutron is higher than 4 MeV, no α is seen in the structure without W. But more kinds of secondary particles are created and the probability to deposit enough energy causing SEUs increases for higher energy neutron. The SEU cross sections of the two structures are similar in the relatively high energy region, as shown in Fig. 2. 
Conclusion
Single event upset rates induced by 1∼14 MeV neutrons in a multi-layer metallization CMOS are simulated with Geant4 in this work and the cross sections of SEU are calculated. No SEU has been seen in the structure without W when the energy of neutron is less than 4 MeV, while the cross sections are similar for the structures with and without W because the secondary particles other than α have chance to deposit enough energy to cause SEUs when the incident neutron energy is higher than 4 MeV.
Detailed studies with 1 MeV neutron indicate that the secondary particle α is created with the existence of W layer, while no α has been seen in the structure without W. Only events with α created can have chance to deposit enough energy to cause SEUs with such low energy neutron beam.
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